We analyzed a sample of 9418 fundamental-mode and first-overtone classical Cepheids from the OGLE-IV Collection of Classical Cepheids. The distance to each Cepheid was calculated using the period-luminosity relation for the Wesenheit magnitude, fitted to our data.
Introduction
The Large Magellanic Cloud (LMC) and the Small Magellanic Cloud (SMC) are one of our closest galaxies. What makes the LMC-SMC pair even more interesting is that these galaxies have a common history. Their interactions led to formation of a few intriguing structures: the Magellanic Stream, the Leading Arm, and the Magellanic Bridge (Gardiner et al. 1994 , Gardiner and Noguchi 1996 , Yoshizawa and Noguchi 2003 , Connors et al. 2006 , Růžička et al. 2009 , Besla et al. 2010 , Diaz and Bekki 2012 , Guglielmo et al. 2014 . Together with the Magellanic Clouds they constitute the Magellanic System.
The Magellanic Stream is a 160 • long stream of gas that seems to be trailing the Clouds' past orbit (Nidever et al. 2008 (Nidever et al. , 2010 . It has a double nature in terms of morphology, velocity and metallicity (e.g., Putman et al. 2003 , Nidever et al. 2008 , Fox et al. 2010 . The Leading Arm was formed together with the Stream (e.g., Nidever et al. 2008) . It comprises of four groups of High Velocity Cloud (Venzmer et al. 2012) and is interacting with matter in the Milky Way disk (McClure-Griffiths et al. 2008) . It is known to have a young stellar component (Casetti-Dinescu et al. 2014) .
The Magellanic Bridge (MBR), a connection between the two Clouds, was known as a gaseous feature since the work of Hindman et al. (1963) . It is thought to be formed after the last encounter of the LMC and SMC that took place 200 − 300 Myr ago (e.g., Gardiner et al. 1994 , Gardiner and Noguchi 1996 , Růžička et al. 2010 , Diaz and Bekki 2012 . The detailed analysis of neutral Hydrogen (HI) kinematics reveals that the Magellanic Bridge is connected with the western part of the LMC disk (Indu and Subramaniam 2015) . Moreover, the velocity distribution suggests that the MBR is being sheared. Numerical models predict that the Bridge should have a stellar component (e.g., Diaz and Bekki 2012 , Guglielmo et al. 2014 , that should be an important tracer of interactions between these galaxies.
Young stars in the area between the Clouds were observed by Shapley (1940) . Later, young stars were discovered farther from the SMC, in the direction to the LMC (Irwin et al. 1985 , Demers and Battinelli 1998 , Harris 2007 , Nöel et al. 2013 . Finally, Skowron et al. (2014) showed that there exists a continuous connection between the Clouds formed by a young stellar population. Moreover, the Bridge also contains warm ionized gas (Barger et al. 2013) . Intermediate age stars were also observed in the MBR (Nöel et al. 2013 (Nöel et al. , 2015 , as well as candidates for an old stellar population (Bagheri et al. 2013) . Recent studies of stellar clusters and associations suggest that these structures may be forming a tidal dwarf galaxy (Bica et al. 2015) that had already been proposed by Bica and Schmitt (1995) . Such galaxies form from the gas pulled out of the interacting galaxies and can have their own star formation processes (Ploeckinger et al. 2014 (Ploeckinger et al. , 2015 .
The interactions between the Magellanic Clouds have made a significant impact on both galaxies. The knowledge of their structure brings relevant implications
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for their common history as well as for other, more distant galaxy systems. The Clouds are our closest interacting galaxies, thus can be described as our "local laboratory". Their structure is also essential for proper understanding of the nature of rare microlensing events detected towards the Clouds and their interpretation either as self-lensing or due to compact dark matter objects (e.g., Wyrzykowski et al. 2011 ).
In the LMC younger and older stars have different spatial distributions although the overall shape of the galaxy is roughly regular (e.g., Cioni et al. 2000 , Bica et al. 2008 . Its disk is distorted, elongated and asymmetrical and can be divided into inner and outer parts with different inclination angles (van der Marel and Cioni 2001 , van der Marel 2001 , Olsen and Salyk 2002 , Nikolaev et al. 2004 , Haschke et al. 2012a , Subramanian and Subramaniam 2013 . The eastern parts of the disk and the halo are located closer to us because of the LMC's inclination toward the SMC (van der Marel and Cioni 2001 , Nikolaev et al. 2004 , Persson et al. 2004 , Pejcha and Stanek 2009 , Koerwer 2009 , Subramanian and Subramaniam 2010 , Rubele et al. 2012 , Haschke et al. 2012a , Subramanian and Subramaniam 2013 , van der Marel and Kallivayalil 2014 , Deb and Singh 2014 .
The LMC has an off-center bar that appears as an overdensity in young and old stellar populations (Zhao and Evans 2000, Cioni et al. 2000 , van der Marel 2001 , Nikolaev et al. 2004 , Subramanian and Subramaniam 2013 , van der Marel and Kallivayalil 2014 as well as in the numerical models of the off-center bar (Bekki 2009 . The galaxy also has one prominent spiral arm and maybe two or three irregular and not very prominent arms (e.g., Cioni et al. 2000 , Nikolaev et al. 2004 , Bica et al. 2008 , Moretti et al. 2014 . HI maps reveal four spiral-like structures and the new ones have just been discovered (Indu and Subramaniam 2015) . Some of the LMC stars are kinematically associated with these HI arms rather than with the disk (Olsen and Massey 2007) .
The SMC is an elongated irregular galaxy with a central concentration where young and old stars have slightly different distributions (e.g., Cioni et al. 2000 , Subramanian and Subramaniam 2012 , Haschke et al. 2012b . The SMC is known to have several substructures, of which the most prominent is the Wing, that is a part of the galaxy that connects it with the Magellanic Bridge (e.g., Cioni et al. 2000 , Nidever et al. 2011 . Older populations are more uniformly distributed while younger tend to concentrate in the central parts and in the Wing. Moreover, the Wing also comprises of many young stellar clusters . Nidever et al. (2013) showed that the optical depth in the eastern part of the SMC is two times higher than in the western part, and the eastern part comprises of two groups of stars with different mean distances. The SMC is rotated toward the LMC and their closest parts on the sky are also the closest in the sense of distance (Scowcroft et al. 2016) .
The classical Cepheids (CCs) represent a young stellar population and play an important role in structural studies of many extragalactic systems. In the LMC and SMC they are of exceptional significance. Henrietta Leavitt had discovered the famous Leavitt law studying the LMC Cepheids (period-luminosity relation, P-L, Leavitt 1908) .
Numerous studies of the LMC and SMC structure were based on the CCs. Nikolaev et al. (2004) analyzed more than 2000 MACHO Cepheids in the LMC and measured the viewing angles of this galaxy. They found that the results are strongly dependent on the adopted center of the LMC, due to deviations from the planar geometry. Moreover, they showed that the disk is warped, with the bar being offset from the disk plane. A similar study was performed by Persson et al. (2004) for 92 Cepheids observed in the near infrared passbands. Later, Haschke et al. (2012a,b) investigated almost 2000 Cepheids from the OGLE-III data set. They constructed three-dimensional maps of the Clouds by using individual reddening estimates and determining distances to each Cepheid. They also detected mild twisting in the LMC disk and noticed that the bar stands out as an overdensity. Subramanian and Subramaniam (2015) fitted a plane to the SMC young stellar "disk" and found extra-planar features in front of and in the back of the "disk". The authors suggest that the former may be a tidal structure that connects the SMC with MBR and the latter may be a stellar counterpart of the Counter Bridge predicted by numerical models (Diaz and Bekki 2012) . On the other hand Scowcroft et al. (2016) showed that the SMC is extremely elongated along the line of sight and they state that fitting a plane to such structure is incorrect. The elongation of the SMC is consistent with the significant optical depth values for this galaxy (e.g., Nidever et al. 2013 , Deb et al. 2015 and the numerical models predictions (Diaz and Bekki 2012) .
In this paper we present results of a three-dimensional analysis of the Magellanic System using the OGLE Collection of Classical Cepheids recently published by Soszyński et al. (2015) . The Collection is based on the OGLE-IV data , covering about 650 square degrees in this area. Compared to the OGLE-III collection of CCs, on which the studies described above were based, the OGLE-IV CCs Collection includes the northern and southern parts of the LMC and extended outskirts of the SMC. This is the first time that we see a full picture of the Clouds with classical Cepheids from the OGLE project.
The sample completeness is over 99%, which makes it the most complete and least contaminated sample of CCs in the Magellanic Clouds and Bridge. Given the vast OGLE-IV coverage of the Magellanic System, it is unlikely that many additional CCs will be discovered in this region, making this the ultimate collection of CCs in the Magellanic System. The paper is organized as follows. In Section 2 we describe the OGLE-IV data and OGLE Collection of Classical Cepheids. In Section 3 we present the details of the analysis. Sections 4 to 6 contain results for the LMC, SMC, and the Bridge, respectively. We discuss and summarize the results in Sections 7 and 8.

Data
The OGLE Collection of Classical Cepheids
The OGLE Collection of CCs in the Magellanic System contains 9535 objects of which 4620 are located in the LMC and 4915 in SMC OGLE-IV fields. Among those 5168 pulsate solely in the fundamental mode (F), 3530 solely in the first-overtone (1O), 117 oscillate only in the second-overtone (2O), 711 stars are double-mode pulsators, and 9 pulsate in three modes.
The collection is based on the I-and V-band photometry from OGLE-IV . The first step in variable star classification was the visual inspection of candidates' light curves. The selection of Cepheids was then based on the star's light curve shape, its location in the period-luminosity (P-L) diagram, and the ratio of periods, if multi-periodic. In some cases, the detailed inspection of the light curve was repeated, taking other parameters of the star into account. The final catalog contains CCs mean magnitudes in both bands, I-band amplitude, pulsation periods, epochs of maximum light, and Fourier parameters derived from the I-band light curves .
The Sample Selection
For our analysis we chose CCs pulsating in the fundamental mode and the firstovertone, including multi-mode pulsators, thus we excluded 117 stars oscillating in the second overtone from our sample. We were left with 9418 stars -4593 in the LMC and 4825 in SMC. Among those, 32 CCs (2 LMC and 30 SMC) are located in the genuine MBR fields, as defined by OGLE-IV field names, i.e., within RA 1 h 54 m α 4 h 06 m (see green region in Fig. 18 of Udalski et al. 2015) .
Next, we discarded Cepheids that did not have both I-and V-band magnitudes (50 objects from the LMC, 27 from the SMC and one from MBR). Then, during the procedure of fitting the P-L relations to our sample (see following Section), we iteratively rejected Cepheids with the luminosity deviating from the fit by more than 3σ. This left us with 4222 Cepheids in the LMC, and 4632 in SMC. We did not apply the fitting procedure to the MBR Cepheids. Soszyński et al. (2015) state that at least five of the MBR CCs are truly located in the MBR. We carefully inspected 31 objects from the genuine MBR fields in terms of their location on the sky, distance from the observer and from the Magellanic Clouds. Indeed, 22 of them (α 2 h ) are well correlated with the whole SMC sample, but nine are significantly offset from both galaxies. We reclassify those as MBR stars. Thus the final sample consists of 4222 Cepheids in the LMC, 4654 in SMC and nine in MBR.
Data Analysis
Period-luminosity Relation
The first step in obtaining distances to Cepheids was to fit the period-luminosity relation (P-L) to the LMC sample. In order to do this we first removed all the 1O Cepheid with log(P) < −0.3 (we express P in days) from our sample. That is because they may represent a different sample with different chemical composition which is reflected in the P-L non-linearity near this value (Soszyński et al. 2008) . Moreover, these stars are faintest, hence have greater luminosity uncertainty than the mean and may not be reliable for calculating the distances with required accuracy. For multi-mode pulsators we used the lowest pulsation mode. For fitting we used the reddening-independent Wesenheit magnitude for the V-and I-band photometry defined as:
We fitted a linear function in the form:
using the least-squares method. In each iteration we rejected 3σ outliers until there were none. In the case of fundamental-mode CCs we divided the sample into two groups: one with log(P) ≤ 0.4, and one with log(P) > 0.4. A break in the P-L relation at this value was already reported in the literature (e.g., Bauer et al. 1999 , Udalski et al. 1999 , Sharpee et al. 2002 , Sandage et al. 2009 , Soszyński et al. 2010 . We also fitted the P-L relation to the I-and V-band magnitudes (without correcting for extinction). The same procedure was repeated for the SMC. Results are shown in Table 1 and in Fig. 1 .
The most accurate fits are obtained for the Wesenheit magnitude for the LMC Cepheids. They show the smallest scatter of only 0.08 mag. This is why we decided to use these relations for distance determinations in further analysis. In the case of the SMC, large values of χ 2 /dof are a result of this galaxy's elongation almost along the line of sight -significant distance differences between the Cepheids account for the scatter in magnitudes.
The slopes of the P-L for the Wesenheit index for F Cepheids with log(P) > 0.4 are identical for the LMC and SMC within 1σ errors, as expected (Ngeow et al. 2015) . We cannot compare slopes for log(P) < 0.4 for two reasons. First, the LMC sample is much less numerous than the SMC sample and so the comparison would be biased (Udalski et al. 1999) . Second, the SMC may simply have a different value of the slope because of its different environment and Cepheids with shorter periods may have different chemical composition (Bauer et al. 1999 , Soszyński et al. 2010 . When calculating the distances we assume that the SMC log(P) < 0.4 slope is identical as for the LMC. 
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P-L for V-band magnitude V = a · log(P) + b Galaxy P. mode log(P) a b [mag] σ [mag] χ 2 /dof LMC F ≤ 0.4 −2
Distances
In order to obtain both LMC and SMC Cepheid distances we used the mean distance to the LMC measured by Pietrzyński et al. (2013) from eclipsing-binaries, d LMC = 49.97 ± 0.19 (statistical) ± 1.11 (systematic) kpc. With 2.2% error it is the most accurate measurement of the mean LMC distance up to date.
For each object we calculated the reference magnitude W re f , i.e., the Wesenheit magnitude on the fitted P-L line (for the LMC) corresponding to its period P:
We used a and b coefficients from Table 1 , in the case of fundamental-mode Cepheids separately for log(P) ≤ 0.4 and > 0.4. So the relative distance modulus is:
And then the absolute distance simply: Fig. 2 shows three-dimensional maps of the Magellanic System in the Cartesian space. Blue dots mark the LMC Cepheids, green dots SMC, and large dark teal dots show the Magellanic Bridge sample. Gray points mark the 3σ outliers rejected in the procedure of P-L fitting (see Fig. 1 for comparison) . There is a distinct spread in the Cepheid distances along the line of sight that is not entirely physical and is mostly due to errors in distance calculation -typically 1.2 − 1.6 kpc (∼ 0.03 % relative) for the LMC and 1.4 − 2.3 kpc (∼ 0.04 % relative) for the SMC. When calculating the uncertainties we used the error of zero points of the OGLE-IV photometry which is σ I,V = 0.02 mag and the uncertainties of the P-L fit which are shown in Table 1 . We intentionally omitted the uncertainty of the LMC distance measurement because it would only increase Cepheid distance uncertainties without affecting the geometry. While the photometry error itself is not large σ I,V = 0.02 mag, at the LMC distance it translates to σ d,I,V = 0.46 kpc and σ d,W = 0.65 kpc and this is the "natural spread" of the method. There is also a possibility, that even though we are using the reddening-free Wesenheit index, the differential and variable extinction within the LMC/SMC is still a non-negligible source of error in Cepheid distances.
Coordinate Transformations
In this study we visualize the results with two types of maps. The first one is a two-dimensional sky map in a Hammer equal-area projection. The projection is centered at α cen = 3 h 20 m , δ cen = −72 • . For each Cepheid, x Hammer and y Hammer are calculated from: dots -MBR. Gray points show the 3σ outliers rejected in the P-L fitting procedure (see Fig. 1 for comparison). Red cross marks the observer's location. White circles mark the LMC (Pietrzyński et al. 2013, van der Marel and Kallivayalil 2014) and SMC (Graczyk et al. 2014 , Stanimirović et al. 2004 centers. Fig. 3 shows the Hammer projection of the Magellanic System where the Cepheid distances are color-coded. The LMC is on the left, with a clearly visible bar and a northern arm, while SMC is on the right. The Magellanic Bridge Cepheids between the two galaxies are marked with larger dots. Here we can clearly see the distance differences between the two galaxies. The bottom panels show close-ups of each of the Clouds. When looking at the LMC (left) we can clearly see the inclination of this galaxy -the western side of the LMC (the right side of the map) lies farther from us than the eastern side. In fact, it is rotated in the direction of the SMC. The right panel shows the SMC close-up. The large spread in Cepheid distances reflects the galaxy's significant elongation (see Fig. 2 for comparison).
The second type of maps used in this study are the three-dimensional Cartesian space (x, y, z) projections with different viewing angles. The transformation equations were taken from van der Marel and Cioni (2001) and Weinberg and Nikolaev 
where d is the calculated distance to each Cepheid and α cen , δ cen are the map center coordinates. Maps showing only the LMC or only SMC are centered at their dynamical centers. For the LMC we adopt α LMC-cen = 5 h 20 m 12 m , δ LMC-cen = −69 • 18 ′ , which is for the whole population with a correction for young stars proper motions (van der Marel and Kallivayalil 2014) . For the SMC we use α SMC-cen = 1 h 05 m , δ SMC-cen = −72 • 25 ′ 12 ′′ (Stanimirović et al. 2004) . We decided to use the dynamical centers of these galaxies because we think they are the most reliable.
The same centers were used to calculate Magellanic Clouds' proper motions (see Kallivayalil et al. 2006a ,b, 2013 and van der Marel and Kallivayalil 2014 . The uncertainties of the Cartesian coordinates include the OGLE astrometric uncertainty which is σ α,δ = 0. ′′ 2. Every coordinate is also dependent on the distance, so the uncertainties of x, y and z include the distance uncertainty. Their values are in the following ranges: 0.4 kpc < σ x < 1.3 kpc, 0.6 kpc < σ y < 1.3 kpc , and 1.3 kpc < σ z < 2.4 kpc.
Model and Plane Fitting
In the next step we attempt to characterize the LMC Cepheids in three dimensions. Here we use a Cartesian coordinate system with the origin in the LMC center and z axis orientd toward the observer.
Structural parameters of the LMC disk (inclination, position angle) can be inferred from a plane fit to the data:
The coefficient c quantifies the shift of the best-fit plane from the adopted LMC center. The remaining two parameters can be transformed to the disk inclination i and position angle P.A.:
A simple linear least-squares fit to the plane equation can be biased, because the uncertainties of all coordinates (x, y, z) are not negligible, since they all contain distance measurement error. Hence, we propose a parametrisation in which a line joining the observer and the i-th Cepheid intersects the fitted plane at a distance:
or a distance modulus:
if d model is expressed in kpc. We minimize the sum:
using the Nelder-Mead algorithm (Nelder and Mead, 1965) . The adopted uncertainties σ µ,i include OGLE photometry uncertainties (σ I,V = 0.02 mag) and the uncertainties of the P-L fit given in Table 1 . The fitting procedure is iterative and after each step 3σ outliers are rejected. The typical deviation from the best-fit plane (1.5 kpc) is constrained by the accuracy of the P-L relation and the "natural spread" of the method of calculating distances as described above (0.65 kpc ). We checked that the influence of the choice of d LMC and (α LMC-cen , δ LMC-cen ) on the best-fit parameters is negligible.
The Large Magellanic Cloud
Three-Dimensional Structure
Previous studies of the LMC CCs based on the OGLE-III data (cf. Fig. 1 from Haschke et al. 2012a) did not include the northern and southern parts of the galaxy. This is the first time that we see a full picture of the LMC with the OGLE Cepheids. Fig. 3 shows that the disk of the LMC is inclined and rotated in the direction of its smaller neighbor, the SMC. This result is consistent with previous findings (van der Marel and Cioni 2001, Nikolaev et al. 2004 , Persson et al. 2004 , Pejcha and Stanek 2009 , Koerwer 2009 , Subramanian and Subramaniam 2010 , Haschke et al. 2012a , Subramanian and Subramaniam 2013 , van der Marel and Kallivayalil 2014 , Deb and Singh 2014 . We slice-up the galaxy into distance intervals in Fig. 4 to see the details of this tilt. Top three panels show LMC parts that are closer than 50 kpc, while bottom three panels that are farther than 50 kpc (which is very close to the mean distance to the LMC d LMC = 49.97 kpc from Pietrzyński et al. 2013) . There is a clear difference between the top and the bottom row -the closest LMC stars are located mainly in the eastern parts of the galaxy, especially the eastern part of the bar and the northern arm, while the furthest parts of the LMC are in the west. Moreover, the northern arm seems to lie closer to us than the rest of the galaxy. The bar will be discussed in detail in the next section.
In Fig. 5 we show Cepheid column density maps. The top map is visualised in the Hammer projection and the bottom three in the Cartesian planes xy, xz and yz, centered on the LMC center. The most prominent feature is the bar -especially its eastern part -and the northern arm. The northern arm shows a number of overdensities: one is connected with the bar, another two are on the northmost side of the LMC and the fourth one is at the tip of the arm. We also see two Cepheid overdensities in the southern part of the LMC, which may indicate a presence of another arm. The larger of these overdensities seems to be connected with and coming out of the bar at its east end -this was also visible in the first panel of Fig. 4 . The other southern overdensity is separated from the bar.
The bottom set of three maps in Fig. 5 shows bins in the Cartesian projections, see figure caption for a full description. The map showing the xy plane is very similar to the top map. The bar has the largest column density and its eastern part 2 -56 kpc is the most prominent feature of the galaxy. The northern arm and its overdensities, as well as the southern structures, are also well distinguishable. The xz plane (view "from the top") shows that the inclination of the LMC is very evident. The eastern part of the LMC lies closer to us and is more numerous than the western part. The yz plane (view "from the side") shows two almost separate parts: the northern and the southern, that comprise with the LMC northern arm and the bar, respectively. This projection clearly shows that the arm is closer to us than the LMC, as implied in Fig. 4 . On the other hand, the southern part is at a similar distance as the mean LMC distance. Contrary to previous studies (e.g., Zhao and Evans 2000, Nikolaev et al. 2004 , Subramanian and Subramaniam 2013 , van der Marel and Kallivayalil 2014 and numerical model of the off-center bar in Bekki 2009 and Besla et al. 2012) , we do not see that the bar is located closer to us than the LMC.
Ages
We estimated ages of the LMC Cepheids using the period-age relation from Bono et al. (2005) for a constant metallicity Z = 0.01. Some studies suggest that LMC has a metallicity gradient (Cioni et al. 2009 , Feast et al. 2010 , Wagner-Kaiser and Sarajedini 2013 , but a recent study by Deb and Singh (2014) shows that there is no such gradient or it is too small to be detected with techniques used.
The on-sky distribution of Cepheids in different age intervals is presented in Fig. 6 . Most of the stars fall into the age range of 50 − 130 Myr. The youngest Cepheids are found in the western part of the bar at α ≈ 5 h and are younger than A. A. The white circle marks the LMC center (Pietrzyński et al. 2013, van der Marel and Kallivayalil 2014) . 50 Myr. In the age interval of 50−70 Myr the central part of the bar emerges. Then the eastern part of the bar shows up along with the western part and the northern arm. The eastern and western areas of the bar were formed at similar times and thus should be treated as parts of one coherent structure. Cepheids older than 130 Myr are scattered along the bar and the arm and are spread all over the LMC disk. Soszyński et al. (2015) noticed that there is a difference between the distributions of fundamental and first-overtone Cepheids in the LMC, such that 1O stars are more spread than F-mode stars (see their Fig. 4 ). This can be explained by age differences between these types -the 1O Cepheids are slightly older and so had time to spread.
Substructures
To investigate properties of the bar, the arm, and other structures of the LMC we divided the galaxy into several regions shown in Fig. 7 . The left panel illustrates selection areas for main structures: the whole bar and the whole arm as well as two southern regions. We further divided the bar and the arm each into two subregions -eastern and western bar, and northern arm 1 and northern arm 2, as shown in the right panel.
When constructing the selection areas for each structure we followed the density contours for binned data shown in Fig. 5 . The choice was also based on distributions of stars in different age intervals (see Fig. 6 ). The age-space distributions were discussed in detail in the previous section. Here we concentrate on justifica-A. A. The selection of the bar area was performed in a few stages. The density contours suggest that the bar may consist of two parts: eastern, making up almost the whole bar in terms of star counts, and western. The eastern bar which is regarded as the "classical" LMC bar (see Fig. 14 in Nikolaev et al. 2004 and Figures 1 and 7 in Haschke et al. 2012a ) is the densest and the brightest part of the LMC. It is also located about 0.5 kpc closer than the rest of this galaxy (e.g., Zhao and Evans 2000, Cioni et al. 2000 , Nikolaev et al. 2004 , Subramanian and Subramaniam 2013 , van der Marel and Kallivayalil 2014 and numerical models of the off-center bar in Bekki 2009 and Besla et al. 2012) . However, Fig. 4 suggests that the entire bar should consist of both the eastern and the western part. There is a fairly continuous band of stars between the parts and there is no significant break between these parts at any of the distance slices. Even though the first two panels of Fig. 4 show mainly the eastern bar, the third map (distance interval 49 − 50 kpc ) shows a western counterpart. At larger distances we see that the eastern area fades and the western is more visible. The age-tomography (Fig. 6 ) leads to very similar conclusions: the maps showing age intervals 90 − 110 Myr and 110 − 130 Myr represent the most evident connection between the eastern and western area of the bar. Moreover, the dynamical center of the LMC, marked in Fig. 7 with a white circle, is located in the middle of the whole bar, not its eastern part.
A histogram showing the comparison of the distance distribution in the whole LMC and the bar (as well as the northern arm) is in the top left panel of Fig. 8 . We again see that the bar does not lie closer to us than the LMC, when defined as described in the previous paragraph. The top right panel shows a histogram of the entire bar and separately its eastern and western parts. Here we can see that the eastern part does lie closer than the whole sample and than the western part. If we treat the bar in a "classical" way, i.e., as its eastern part, then it is indeed located closer to us than the LMC. But both parts combined make up the bar that is located at approximately the mean LMC distance.
The age histograms in the top left panel of Fig. 9 show that Cepheids' age distribution in the bar is very similar to the age distribution of the entire galaxy. The top right panel suggests that the western part of the bar is slightly older than the eastern part. The northern arm selection area was based on density contours (Fig. 5) . We divided the arm into two parts that we named northern arm 1 and northern arm A. A.
(hereafter NA1 and NA2
). The NA1 is the most prominent part of the whole northern arm. It is connected with the western part of the bar and stretches out to the northern and eastern side of the LMC. The NA2 is located in the northmost part of the LMC and is connected with NA1. It is visible as the brightest overdensity in the northern part of Fig. 5 . Soszyński et al. (2015) noticed that it is only visible in fundamental mode Cepheids.
The distance histogram in the top left panel of Fig. 8 shows that the northern arm is located closer to us than the whole LMC. The bottom right panel compares distance distributions of NA1 and NA2. Their distances are similar and consistent with an overall distance of the northern arm. On the other hand, the age histograms lead to a conclusion that the arm is slightly older than the bar (top left panel of Fig. 9 ) and thus older than the LMC. The first map in the top panel of Fig. 4 suggests that there might be another arm in the southern part of the LMC. It seems to be connected with the bar at its south-east end. Its distance distribution is consistent with that of the entire LMC, but the sample is too small to draw any reliable conclusions. We subdivide this region into two parts: southern region 1 (SR1) and southern region 2 (SR2) shown in Fig. 7 . Their mean distances are consistent with the inclination of the LMC disk. The SR1, which is located in the eastern part of the LMC, is also closer to us than SR2, that is located in the western part of the galaxy. The distance distribution in Fig. 8 is very similar for both regions. Interestingly, SR2 seems to be younger than SR1. (Pietrzyński et al. 2013, van der Marel and Kallivayalil 2014 ).
Plane Fitting
We performed a three-dimensional plane fitting to the LMC Cepheids as de-scribed in Section 3.4. We used Cartesian coordinates x, y, z although in the planefitting model the coordinate system center is placed in the LMC center and z axis points in the opposite direction than on our map projections. We separately fit CCs in the bar, in the northern arm and for the entire LMC. The three-dimensional selection areas for the bar and the arm are shown in Fig. 10 . We do realize that fitting a simple plane is a great oversimplification, especially in the case of the bar, but the scope of this paper is a rough estimation of the global parameters for which a simple plane fitting is sufficient. The best-fit parameters are listed in Table 2 , where a, b and c are plane equation coefficients, i and P.A. are inclination and position angle respectively. There are separate sets of parameters for all LMC Cepheids, for all except the bar, for the bar, and for the northern arm. All fits have rms values of about 1.5 kpc, which is a result of the inaccuracy of distance determination.
T a b l e 2
Best-fit parameters of the three-dimensional plane fitting procedure
All Cepheids −0.395 0.215 −0.005 ± 0.021 24.
• 2 ± 0.
• 6 151.
• 4 ± 1.
• 5 1.355 1.5 All except bar −0.354 0.237 −0.014 ± 0.027 23.
• 0 ± 0.
• 6 146.
• 2 ± 1.
• 8 1.323 1.5 Bar −0.415 −0.047 −0.093 ± 0.039 22.
• 6 ± 1.
• 5 186.
• 5 ± 9.
• 0 1.376 1.5 Northern arm −0.378 0.577 −0.478 ± 0.156 34.
• 0 123.
• 2 ± 2.
• 0 1. In the case of all LMC Cepheids, we obtain i = 24.
• 2 ± 0. • 6 and P.A.= 151.
• 5 that correlate well with values from the literature (see comparison in Table 3 ). The parameter c, which is an offset of the fitted plane from the LMC center along z axis in kpc, is very small and consistent with the two centers being identical. Fig. 11 shows the z coordinate gradient and therefore the direction of LMC's tilt.
The fit to all Cepheids except those in the bar gives identical values of i and P.A. (within 1σ errors for i and 2.26σ for P.A.), showing that the bar does not influence the fit. This is also consistent with the result from Subramanian and Subramaniam (2013) who analyzed the red clump stars in the LMC and found that the bar is a co-planar structure, although it may be offset from the plane by up to 0.5 kpc in the direction of the observer. This offset is not reflected in parameter c of our fit, which for the bar is −0.093 kpc and this value is statistically insignificant within 3σ uncertainty. As discussed in previous sections, this is an effect of the bar selection criteria.
The fit to the northern arm Cepheids reveals a different nature of this distri- bution. Both the inclination and position angle are inconsistent with the literature within 3σ errors. The angle between the best-fit planes for the LMC disk and the northern arm is about 40 • . The c parameter indicates that the northern arm is shifted by up to −0.48 kpc (significant within 3σ errors) with respect to the LMC center and thus is located closer to us. This is consistent with conclusions from previous sections. Table 3 presents a comparison of our results with values from the literature. The inclination and position angle for the whole LMC sample are consistent with most of the results for young stars within the errors, although i is the lowest of all from Cepheid and young population studies. On the contrary, the P.A. is well correlated with higher values. Surprisingly, there is a significant difference between our results based the on the OGLE-IV data, and results of Haschke et al. (2012a) who used the OGLE-III Cepheids. As was already mentioned, the OGLE-III collection of CCs did not contain most of the the northern arm and the southern structures. This would indicate that the fit to the OGLE-III data should yield similar results as our bar-only sample. The case is totally opposite -our inclination angle for the bar only is much lower than that of Haschke et al. (2012a) , while the P.A. is much higher. To check their i and P.A. values we selected a similar sample from our data. We picked the F-mode Cepheids located in OGLE-IV fields coinciding with OGLE-III fields. Our fitting procedure resulted in values very similar to those obtained for the entire LMC OGLE-IV Cepheid sample.
Results presented in this paper are also consistent with the parameter values for the intermediate-age and older stellar populations (the second part of Table 3) .
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T a b l e 3 LMC disk parameters from the literature.
Cepheids and young population Reference i P.A. Data This work: all 24.
• 5 OGLE-IV classical Cepheids This work: bar only 22.
• 0 OGLE-IV classical Cepheids This work: arm only 34.
• 0 OGLE-IV classical Cepheids Caldwell and Coulson (1986) 29 (2001) 34.
• 7 ± 6.
• 2 122.
• 5 ± 8.
• 3 AGB stars Nikolaev et al. (2004) 30.
• 7 ± 1.
• 1 151.
• 0 ± 2.
• 4 Cepheids Persson et al. (2004) 27.
• 0 ± 6. Kallivayalil (2014) 39.
• 6 ± 4.
• 5 147.
• 4 ± 10.
• 0 Proper motion (PM) data van der Marel and Kallivayalil (2014) 34.
• 0 ± 7.
• 0 139.
• 1 ± 4.
• 1 PM + old pop. LOS velocity Deb and Singh (2014) 24.
• 20 176.
• 01 OGLE-III RR Lyrae (ellipsoid) Deb and Singh (2014) 36.
• 43 149.
• 08 OGLE-III RR Lyrae (plane)
The Small Magellanic Cloud
Three-Dimensional Structure
The three-dimensional structure of the SMC is shown in Fig. 2 . The galaxy is elongated almost along the line of sight and its longitudinal dimension (along the z axis) is about 4 − 5 times greater than transverse dimensions in both x and y coordinates. This is perfectly consistent with the latest findings by Scowcroft et al. (2016) . The SMC shape is best described as an extended ellipsoid with additional off-axis structures that are also ellipsoidal. Note that the Wing is not clearly visible in our data although in Figures 2 and 3 we do see some Cepheids located in that area. On the other hand, CCs are distributed all around the SMC.
To show the change of shape of the SMC with increasing distance we have performed the distance tomography. Fig. 12 shows sections of this galaxy in different distance intervals. The closest part of the SMC (d < 59 kpc ) has a round shape on the sky. The farther we look the less symmetrical it becomes. Moreover, the Cepheids seem to move away from the dynamical center of the SMC, marked with a white circle, to the south-western direction.
The second and the third map in the top row reveal an additional substructure located on the north, that fades at a distance of about 65 kpc. At a similar distance range another substructure appears in the south-west and is best visible on the second and the third map in the bottom row. To better visualize the SMC subtle structures we binned the data both in the Hammer projection and in the Cartesian space projections. The top map in Fig. 13 shows the on-sky projection of the binned data with stellar density contours overplotted. Interestingly, the higher density contours omit the dynamical SMC center. We can see that the SMC is actually heart-shaped with a curved tail in its southwestern part. The top of the "heart" also suggests the existence of an additional substructure. This part and the tail in the south-west were not clearly visible it the OGLE-III Cepheid data (compare with Fig. 1 from Haschke et al. 2012b) .
The bottom set of three maps in Fig. 13 shows Cepheid density in the Cartesian space (see figure caption for a full description). The bottom left map, in the xy plane, resembles the map with the Hammer projection although the contours are more smooth and the additional structures are not clearly visible. The projection on the xz plane does not show any evident substructures. The densest region of the SMC is located farther than the mean galaxy distance and falls between distances 62 − 70 kpc. The yz plane yields a more compelling evidence for the existence A. A. (Graczyk et al. 2014 , Stanimirović et al. 2004 .
of the northern substructure, situated in the closer part of the SMC. Fig. 2 from Haschke et al. (2012b) shows that this substructure was not clearly visible in the OGLE-III Cepheid data, although it somewhat emerges in their Fig. 3 .
Ages
We estimated ages of Cepheids in the SMC using the period-age relations from Bono et al. (2005) for a constant metallicity Z = 0.004. We again assumed that there is no metallicity gradient in the SMC, which is supported by recent studies (Cioni 2009 , Parisi et al. 2009 , Deb and Singh 2014 . However, some suggest that the SMC may have a low metallicity gradient (Carrera et al. 2008 , Kapakos and Hatzidimitriou 2012 , Dobbie 2014 , and if this was the case, it may have somewhat influenced our age estimates. (Stanimirović et al. 2004 ).
In Fig. 14 we show the on-sky view of Cepheids in different age intervals. The age range is larger than in the LMC, which means that the SMC Classical Cepheid population is older than that of the LMC. Young and intermediate age Cepheids form similar structures, although young stars are more concentrated in the north than older stars (second map in the top row). The older the Cepheids the more they concentrate in the south-western parts of the SMC (second map in the bottom row). The oldest stars in our sample are rather evenly spread and do not form any obvious structures. Our Cepheid age-tomography matches well with Fig. 13 from Rubele et al. (2015) where the SFRs for the VMC data are shown. Recently formed stars
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have a "heart-like" structure while the older ones are more uniformly distributed.
The differences in the distribution of younger and older stars are even better visible in Fig. 15 . The maps show Cartesian space projections and the transformation is centered on the SMC center. Cepheids are divided into two groups: younger than 150 Myr and older than 150 Myr. The former group is represented with red dots and the latter with blue dots. We clearly see that younger Cepheids are located mainly in the closer part of this galaxy while the older ones are distinctly farther. (Graczyk et al. 2014 , Stanimirović et al. 2004 .
Substructures
In order to investigate the structure of the SMC in more detail we selected two subregions and named them south-western and northern region. The selected areas are shown in Fig. 16 . We see that the south-western region is located in the more distant half of the SMC while the northern region is in the closer part of this galaxy.
The latter is consistent with Subramanian & Subramaniam (2012) who stated that the north-eastern part of the SMC is located closer to us, based on red clump and RR Lyrae stars. Both substructures are distinct on the three-dimensional SMC maps as well as on the contour maps. . Three-dimensional map of the classical Cepheids in the SMC in Cartesian coordinates centered on the SMC center. The map shows selected areas for the south-western and northern regions marked with blue line and dots, and red line and dots, respectively. White circle marks the SMC center (Graczyk et al. 2014 , Stanimirović et al. 2004 ). Fig. 17 shows distance and age distributions for the whole SMC as compared with its two substructures (left panels) and with the LMC (right panels). The top left panel again shows that the south-western structure is situated in the farther half of the SMC while the northern region is situated closer. The bottom left panel also reveals that the latter is younger than the former which is also consistent with our conclusions from the previous section, i.e., that the SMC closest parts were formed later than its more distant areas.
The right panels illustrate differences between the LMC and the SMC. The top panel shows that both galaxies have Gaussian-like distance distributions although the SMC has a bump the left side of the maximum. The age histogram in the bottom panel shows that the LMC Cepheids are on average significantly younger than the SMC objects. The oldest LMC Cepheids are ≈ 390 Myr old, while the oldest SMC stars are ≈ 540 Myr old. The SMC must have had two epochs of star-formation. It is reflected in its bimodal Cepheid age distribution. The younger bump has its maximum close to the LMC peak ages (around 110 Myr) while the second bump is at the age of about 220 Myr. The two SMC peaks are separated by the local minimum at about 150 Myr. Fig. 15 shows differences in their spatial distribution, i.e., the youngest Cepheids are closer to us than the older ones.
The two-peak nature of the age distribution in the SMC was also detected by Subramanian and Subramaniam (2015) . Their Fig. 9 is very similar to ours in the context of the maxima, the peak separation and the age range. The spatial distribution of different-age Cepheids is consistent in both studies (see Fig. 10 from Subramanian and Subramaniam (2015) and Fig. 14 in this work) , even though Subramanian and Subramaniam (2015) used the period-age-color relations from Bono et al. (2005) for dereddened data, while we used the simpler period-age relation.
On the other hand, there is only one episode of extensive Cepheid formation in the LMC, coincident with the younger SMC bump, followed by a slow decline toward older ages. This shows that Clouds had a different Cepheid formation history, possibly with a common episode. At the same time it does not mean that the Clouds had a different star formation history, since we only concentrate on CCs in this paper. Moreover, because the SMC has lower metallicity than LMC, the Cepheids in the former galaxy may be more massive and thus older.
The Magellanic Bridge
From our initial sample of Cepheids in the Magellanic System we decided to classify nine as the Magellanic Bridge objects. Their parameters are listed in Table 4 . We provide Cepheids' ID from the OGLE Collection of Variable Stars along with the local ID that we use in this work (M1,...,M9), pulsation period P, I-and V-band magnitudes, equatorial coordinates for epoch J2000.0, distance d and estimated age. The distance uncertainty does not include the mean LMC distance uncertainty (from Pietrzyński et al. 2013 d LMC = 49.97 ± 0.19 (statistical) ± 1.11 (systematic) kpc ). The list contains four fundamental-mode Cepheids, four first-overtone pulsators and one double-mode oscillator (1O2O) for which we analyzed its lowest mode (1O). Soszyński et al. (2015) classified five Cepheids as MBR objects. Our Bridge sample contains four more objects than their sample, which is not surprising, as our classification was based no only on the on-sky projected locations of the Cepheids, but also on their three-dimensional distribution (see Fig. 18 ). Even so one can argue about the classification of M9 Cepheid. This object is close to the whole SMC sample and could be assigned to the SMC Wing. Nevertheless, we believe that this object is connecting the SMC Wing with the Bridge and may as well be classified as a Bridge Cepheid.
To see the location of our Cepheids with respect to the HI density contours and the young stellar population discovered by Skowron et al. (2014) , see Fig. 5 in Soszyński et al. (2015) . Only one Cepheid from our sample is missing -M8 which falls over the top of that figure. The other Cepheids' locations are well correlated with the HI contours and with the young stellar population space density distribution. Especially M4 which is also the youngest Cepheid in our MBR sample is located in one of the densest young population regions from Skowron et al. (2014) near the SMC. Skowron et al. (2014) showed that there exists a continuous connection between the two Magellanic Clouds built up of the young stars (age < 1 Gyr). The on-sky distribution of Bridge Cepheids also forms a continuous connection and adds to the overall distribution of the young population. These are Cepheids named M6, M1, M5, M4, M9. If we look at their three-dimensional distribution in Fig. 18, they along a line between the Clouds in the xy plane. The xz and yz planes show that M6, M5, M4 and M9 indeed form a connection between the Clouds. M3 may also contribute to this structure. On the other hand, M1 and M2 lie significantly farther. Moreover, they are located in the outskirts of the young population density contours from Skowron et al. (2014) which may indicate their different origin. Similarly, M7 and M8 are located even farther from both Clouds and also far from the young population density contours, thus they do not belong to the genuine Bridge population. These two Cepheids may contribute to the Counter Bridge predicted in numerical simulations (Diaz and Bekki 2012) . We discuss this in details in Section 7.
The Cepheids in the Magellanic Bridge are very spread along the line of sight. The closest star (M3) is located at d ≈ 40 kpc thus is closer to us than any LMC Cepheid. The furthest (M7) is at almost 90 kpc and this is farther than any SMC Cepheid. This again shows that not all MBR Cepheids form a continuous connection between the Clouds, and rises a question about their origin and how they got to Table 3 . Red cross stands for the observer's location. White circle marks the LMC (Pietrzyński et al. 2013, van der Marel and Kallivayalil 2014) and SMC (Graczyk et al. 2014 , Stanimirović et al. 2004 centers. their current location. On the other hand, we do observe stars located far from the LMC and SMC all around these galaxies (i.e., see the LMC Cepheid at α ≈ 5 h 30 m , δ ≈ −56 • or SMC Cepheid at α ≈ 23 h 30 m , δ ≈ −68 • in Fig. 3 ). These objects were probably ejected from the galaxies in random directions. Some of our MBR Cepheids may belong to the outliers population.
The ages of Bridge Cepheids were again calculated using the period-age relation from Bono et al. (2005) . There are different relations for different metallicities. In the case of the Bridge the gas metallicity is about Z MBR ≈ 0.1 Z ⊙ (Lehner et al. 2008) or slightly higher (−0.5 < log(Z MBR /Z ⊙ ) < −1 from Misawa et al. 2009 , although this was measured along the line of sight in an area that is possibly not mixed with metal-poor gas, as it is in other regions of the Bridge). Moreover, the 0.1
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solar metallicity in the MBR is consistent with the Magellanic Stream metallicity ). Thus we can assume Z MBR = 0.002 for the Bridge Cepheids (if we first assume that they were formed in-situ). Note that Bono et al. (2005) do not provide the period-age relation for this metallicity -the lowest value is Z = 0.004 (typical for the SMC). We therefore use this relation for the MBR Cepheids, keeping in mind that it is just a rough estimate.
The youngest Cepheid is M4 and its age estimate is 27 Myr. Its location is well correlated with the young population density contours from Skowron et al. (2014) . This star was probably formed together with other young stars in the Bridge. Another young Cepheid is M6 and its age estimate is 74 Myr. This star is located at a distance close to the mean LMC distance and is ∼ 7.1 kpc from the center of the LMC, which is much farther than any other LMC Cepheid. The oldest Cepheid is M9 and it is ∼ 370 Myr old. This star is located fairly close to the SMC Wing and may be classified as the Wing object. Two Cepheids are aged between 100 − 200 Myr. One of them is the furthest one -M7, which is about 150 Myr old. The other four Cepheids are in the ages range 200 − 300 Myr. One of them is the closest object, the other three are located at distances 72 − 81 kpc.
Discussion
Three-Dimensional Structure and Substructures: the LMC
The LMC has a bar that is offset from the center of this galaxy by about 0.5 kpc. First suggestions that the bar may not be aligned with the disk plane were based on the microlensing events (Zhao and Evans 2000) . The offset of about 0.5 kpc was measured and used in many studies (e.g., Nikolaev et al. 2004 , Subramanian and Subramaniam 2013 , van der Marel and Kallivayalil 2014 . The offset had also been predicted by numerical models, e.g., Bekki (2009) concludes that it is not the bar that is offset but the entire disk population. Besla et al. (2012) had reproduced not only the off-center bar but also the spiral structure of the LMC with one arm.
In this work we redefine the idea of the LMC bar. By examining the distance and age distributions of the central parts of the LMC we argue that the bar comprises of not only the central-eastern region considered to be the "classical" bar, but also of the western region, as shown in Fig. 7 . In the distance and age regime both parts are continuously connected, making the homogeneous, though asymmetrical, structure. The redefinition of the bar moves the dynamical center of the LMC to the center of the bar.
The mean distance of the redefined bar is close to the mean LMC distance and we do not observe any significant offset. That is not consistent with the value of 0.5 kpc from the literature, due to a different definition of the bar region (see Fig. 7) . However, if we use the "classical" LMC bar, we also see the offset from the galaxy center (the "classical" bar is located closer to us).
We fitted a plane to the entire Cepheid population in the LMC as well as to its substructures. The whole LMC sample shows no offset along the line of sight as compared to the mean LMC distance from Pietrzyński et al. (2013) and that is expected from a correct fitting procedure. The obtained inclination and position angles are consistent with values from the literature (see Table 3 ). The rms of our fit is about 1.5 kpc, which is partly a "natural spread" of the method described in Section 3, and partly a contribution of the extra-planar features of the LMC. Nikolaev et al. (2004) found that the disk is warped, with a distortion amplitude 0.3 kpc. This warp explains high χ 2 /dof values for planar disk fits. On the other hand, Subramanian and Subramaniam (2013) found that the disk can be divided into two differently inclined parts -the inner and the outer -separated at the radial distance from the LMC center of 3 • . The inner disk would be more warped than the outer. They also concluded that the bar is offset but is still a co-planar feature. They classified structures as extra-planar if their deviation is > 1.5 kpc . Olsen and Salyk (2002) had previously identified warps in the disk in similar locations.
We also fitted a plane to Cepheids in the redefined bar and found a small offset of about −0.09 kpc from the mean LMC distance which is statistically insignificant within 3σ uncertainty. We are aware that fitting a plane to the bar is not the best approach because of the nonplanar nature of this structure. Nikolaev et al. (2004) suggest caution when deriving parameters such as viewing angles for the inner LMC structures. Also Subramanian and Subramaniam (2013) stated that the structure of the bar is not smooth and some of its parts are located closer to us than other.
Interestingly, when fitting a plane to the northern arm sample we found an offset of about −0.48 kpc. This means that the arm is located closer to us than the whole LMC. Moreover, the arm lies in a different plane (has different inclination and position angle) than the whole LMC sample and this result is statistically significant.
The OGLE-IV classical Cepheid data set clearly shows the bar and the main northern arm of the LMC. We also tried to localize less prominent structures in other parts of this galaxy. In the north we identified an additional small spiral arm (NA2, see Section 4.3). This finding is consistent with the latest results from Besla et al. (2016) who analyzed deep optical images of the LMC and identified multiple spiral arms. Both structures are at precisely the same location -compare our northern arm 2 in Figure 7 with multiple spiral arms in Figure 3 from Besla et al. (2016) . The structures that we see in the southern part of the LMC are not as prominent and do not form a spiral arm, which is also consistent with conclusions from Besla et al. (2016) . However, it does not exclude the possibility that there exists a sparse spiral arm connected with the south-eastern part of the bar which is not clearly visible in the CCs distribution.
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We compare our results to those obtained by Haschke et al. (2012a) from the OGLE-III Cepheid data. What is striking -the distances they derived are substantially larger than ours. Cepheid distances fall in the range of 44 − 56 kpc in this work, and 45 − 60 kpc in the work of Haschke et al. (2012a) . This discrepancy is also reflected in their mean LMC distance of 53.9 ± 1.8 kpc which is not consistent with the literature (highlighted by de Grijs et al. 2014) . The method of determining distances was similar in both studies, but we used a reddening-free Wesenheit index and determined distances relative to the most accurate LMC distance measurement ), while Haschke et al. (2012a calculated absolute distances based on the I-and V-band magnitudes corrected for extinction. Thus the problem could lie in the dereddening method or the reddening maps used, as also suggested by de Grijs et al. (2014) .
It is also worth noting that the OGLE-III collection of Cepheids in the LMC did not include the northern arm and some of the southern parts of this galaxy. For comparison see the lower-right panel in Fig. 12 of Moretti et al. (2014) where they compare the OGLE-III CCs with the EROS-2 data. Nevertheless, the results that did not include the northern arm should also be consistent with ours, since the northern arm is closer to us than the rest of the galaxy, while the southern parts are at approximately the same distance.
Three-Dimensional Structure and Substructures: the SMC
We find that the SMC is extremely elongated almost along the line of sight. Its size along the z Cartesian axis is about 4 − 5 times larger than along the x and y axes. This is consistent with the latest structural analysis of the SMC performed by Scowcroft et al. (2016) , based on mid-infrared Spitzer data for 92 Cepheids. The comparison of Fig. 6 in Scowcroft et al. (2016) with our Fig. 15 or 16 shows a similar spread along each of the axes, although the substructures are only visible in the OGLE-IV data, as the sample is about ∼50 times more numerous.
We agree with Scowcroft et al. (2016) that the standard parameters such as the inclination and position angle are not adequate for describing a galaxy with such an elongated shape, even though such parameters were determined in many studies (e.g., Stanimirović et al. 2004 , Subramanian and Subramaniam 2012 , Haschke et al. 2012b , Subramanian and Subramaniam 2015 . Scowcroft et al. (2016) claim that the shape of the SMC can be best characterized as a cylinder. We would rather describe it as a tri-axial elongated ellipsoid, although the existence of the "off-axis" structures makes it even more complicated and separate fits for the main body and the substructures might be necessary (see Fig. 16 ).
We would expect our results to be coherent with those of Haschke et al. (2012b) , based on the OGLE-III CCs catalog, as the number of Cepheids is similar and the main body of the SMC is clearly visible in both data sets (Fig. 1 in Haschke et al. 2012b an Fig. 13 in this work) . Any differences in conclusions would be a result of different methods of distance determinations, as noted in Section 7.1. They ob-tained the median distance to the SMC for the Cepheid sample of 63.1 ± 3.1 kpc which is consistent with the literature (de Grijs and Bono 2015) and with the median SMC distance of 64.6 kpc derived from our sample.
However, the bottom map in Fig. 3 of Haschke et al. (2012b) suggests that the SMC is not very elongated along the line of sight and rather has a disk-like structure, although the spread in distances of about 30 kpc is consistent with our results, so it is only an effect of the chosen projection. The difference is in the distance range, which is about 50 kpc to 80 kpc in this study, and 45 kpc to 75 kpc in Fig. 5 of Haschke et al. (2012b) .
We also compare our results with those of Subramanian and Subramaniam (2015) , who analyzed Cepheids from the OGLE-III catalog. Their Fig. 7 shows similar SMC geometry as our Fig. 15 , although keep in mind that the x and y are swapped with respect to our plots, and the resolution is different for each of their axes, which gives a false impression about the shape of this galaxy. Fig. 6 of Subramanian and Subramaniam (2015) shows the fitted plane along the axis of the steepest gradient and the z axis. Note that here the scale of the z axis is 10 times smaller than the scale of the axis of the steepest gradient, thus rising a question about the relevance of such fit. The gradient they observe is rather an effect of the northern substructure being closer to us (see Fig. 16 in this paper), than the SMC having an inclined plane in the xy projection.
Subramanian and Subramaniam (2015) also detected some extra-planar features in their sample, under the assumption that there is an actual SMC plane. We do not support this scenario, as we show that there is no SMC plane as such, and the galaxy can be described as a tri-axial ellipsoid, elongated along the z axis. In this case, the reported extra-planar features would simply be parts of the main body of the SMC or one of the substructures shown in Fig. 16. 
LMC-SMC Interactions and the Magellanic Bridge
The OGLE-IV Cepheid data shows that the Magellanic Clouds are rotated toward each other (see Fig. 2 ). In fact, the closest SMC Cepheids are at similar distances as the furthest LMC objects in our sample. Moreover, the Clouds' closest on-sky locations are also the closest in the sense of distances and three-dimensional distribution. That is perfectly consistent with Scowcroft et al. (2016) .
The collision model by Besla et al. (2012) predicts that the Clouds had a close interaction about 200 − 300 Myr ago (see Gardiner et al. 1994 , Gardiner & Noguchi 1996 , Růžička et al. 2010 , Diaz and Bekki 2012 . Both galaxies should have trails due to such interaction. It is also possible that the co-rotation of the Magellanic Clouds has the same origin (Scowcroft et al. 2016) . Fig. 10 in Scowcroft et al. (2016) shows the predicted SMC spheroid distribution (a model by Diaz and Bekki 2012) along with the analyzed Cepheids. We compare it to our xz projection in Fig. 16 where the z axis is along the distance and the x axis -along the right ascension (for this comparison see Fig. 6 in Scowcroft et al. 2016) . We see that our
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Cepheids extend even farther but still along the gradient predicted by the model.
A model by Besla et al. (2012) predicts that there should exist a stellar counterpart to the gaseous Magellanic Bridge, in the area between the Clouds. It should mainly consist of a young population of stars formed in-situ. Such young stars were already observed in the MBR (Irwin et al. 1985 , Demers and Battinelli 1998 , Harris 2007 , Nöel et al. 2013 , Skowron et al. 2014 , as well as intermediate-age stars (Nöel et al. 2013 (Nöel et al. , 2015 and older population candidates (Bagheri et al. 2013) . Moreover, Skowron et al. (2014) showed that there is a continuous connection between the two Clouds made of young stars (ages < 1 Gyr). According to , the stars in the Bridge should follow the Clouds past trajectories.
In their Fig. 5 , Soszyński et al. (2015) compared the OGLE-IV Cepheid locations in the Bridge with the young stellar stream from Skowron et al. (2014) . The on-sky locations are well correlated -most of the Bridge Cepheids are situated within the contours of young population column densities. However, Fig. 18 shows that only five of nine stars from our sample form a coherent structure in three-dimensions. This raises questions about origin of the other four Cepheids and makes an important constraint for numerical models of Magellanic Clouds interactions. On the other hand, these Cepheids may be the LMC or SMC outliers ejected from these galaxies in random directions that we now observe in the Bridge area.
Moreover, ages of our Bridge Cepheids are compatible with the assumption that the Bridge was created during the last interaction of the Clouds (e.g., Gardiner et al. 1994 , Gardiner and Noguchi 1996 , Růžička et al. 2010 , Diaz and Bekki 2012 . Models predict that this interaction happened 200 − 300 Myr ago and most of our Cepheids are younger than that. This indicates that they were formed outside of the Clouds -in the Bridge. Diaz and Bekki (2012) model predicts not only the existence of the Magellanic Bridge but also another structure, that they named the Counter Bridge. It is a tidal feature of the same origin as the "classical" Bridge. The model reveals it as a dense and clearly defined stream that extends away from the SMC up to the distances of about 85 kpc. Authors conclude that the location of the Counter Bridge may cause higher levels of optical depth in the SMC and especially in its north-eastern parts. Because of the significant SMC elongation along the line of sight, the furthest stars belonging to the SMC population may be mixed with the unbound stars that should be properly classified as Counter Bridge objects. Nidever et al. (2013) discovered a distance bimodality in the eastern SMC using red clump stars, but mean distances of both components were too low to be a stellar counterpart of the Counter Bridge, although the authors argue, that the closer structure located in front of the main SMC body forms a connection between the Magellanic Bridge and the SMC. Subramanian and Subramaniam (2015) claim to have detected the stellar counterpart of the Counter Bridge. They have classified it based on the fitted plane and the extra-planar structures that they discovered in front of as well as behind the plane (see Figures 7 and 14 in Subramanian and Subramaniam 2015). As we previously argued, the plane fitting in the case of the SMC is illegitimate, making the claims about the stellar part of the Counter Bridge an overstatement.
However, if the Counter Bridge was visible in the OGLE-III data set (analyzed by Subramanian and Subramaniam 2015) it should also be detectable in our sample. Fig. 2 shows all the fundamental-mode and first-overtone CCs from the OGLE Collection of Variable Stars, many of which are much farther (or closer) than the mean SMC distance, and these are marked with gray dots. These stars were classified as outliers from the P-L relation and removed from our sample in further analysis. While most of them are blends, we cannot rule out the possibility that some of these stars may by candidates for the Counter Bridge population (distances > 80 kpc), especially that two genuine Bridge Cepheids are located near or farther than 80 kpc. Diaz and Bekki (2012) concluded that the Counter Bridge stars may mix with the SMC population. If this is the case, then it is possible that we observe the Counter Bridge as a stellar structure but we are unable to separate it from the SMC sample.
Conclusions
In this work we analyzed a total sample of 9418 fundamental-mode and firstovertone CCs in the Magellanic System from the OGLE Collection of Classical Cepheids based on the OGLE-IV data . We fitted the P-L relations to the data using the Wesenheit index for the I-and V-band photometry. Fundamental-mode Cepheids with log(P) ≤ 0.4 were treated separately. The best fits for the Wesenheit, the I-and V-band magnitudes are presented, for both the LMC and SMC.
We calculated relative distances to each Cepheid using the reddening-free Wesenheit index and the most accurate measurement of the mean LMC distance from Pietrzyński et al. (2013) as a reference. The results are presented on three-dimensional maps in the Hammer equal-area projection and in the Cartesian space.
The Cepheids in the LMC are present mainly in the bar and the northern arm. Both structures, as well as the whole galaxy, are inclined such that the eastern parts are closer to us. We fitted a plane to the LMC sample and obtained the inclination and position angles of i = 24.
• 2 ± 0. • 6 and P.A. = 151.
• 5 that are consistent with the literature. The rms of our sample is 1.5 kpc and it reflects the significant scatter of the sample along the line of sight.
The age distribution of the LMC Cepheids reveals one peak at about 100 Myr. Younger Cepheids tend to be clumped in the bar and the northern arm, while older stars are spread all over the LMC disk. The northern arm seems to be younger than the bar that has a similar age distribution as the whole galaxy.
A. A.
We redefined the LMC bar such that it spans almost the whole width of the LMC. Both the classical bar (the central and eastern part of our bar) and the newly added western part form one coherent structure that is clearly visible in Cepheid density contours. Although the western part of the bar is less numerous the two parts are connected both in their distance and age on-sky distributions. Moreover, after the redefinition of the bar the dynamical center of the LMC is now located in the center of the bar.
We separately fitted a plane to bar Cepheids, despite the fact that this may not be a proper physical model of the bar, although should yield a reasonable offset. The offset for the new bar is consistent with that for the whole galaxy which means that the bar is not located closer to us than the galaxy. On the other hand the distance distributions show that the "classical" bar that we call the eastern bar is offset from the LMC plane.
The LMC northern spiral arm is a very prominent feature in the Cepheid distribution. We fitted a plane to the northern arm and found that this structure is offset from the whole LMC sample and is located about 0.5 kpc closer to us.
Our data does not reveal any other spiral arms in the central or southern parts of this galaxy although we do see an additional spiral arm in the north. We suppose that there may be another arm connected with the bar on its south-eastern side, but there are too few Cepheids in that region to provide strong evidence.
The unusual elongation of the SMC is confirmed in this study. The SMC is elongated almost along the line of sight and its longitudinal dimension is 4 − 5 times greater than the transverse dimension. The north-eastern part of the SMC is located closer to us than its south-western part. Note that both Clouds are inclined toward each other.
The age distribution of SMC Cepheids reveals two peaks, one at about 100 Myr (very similar to the LMC) and another one at about 220 Myr. Moreover, younger and older Cepheids are differently distributed. The former group is located in the closer part of this galaxy, while the latter -in the farther.
The SMC shape may be described as an extended ellipsoid with two additional prominent off-axis structures that are also ellipsoidal. One is located in the north of the SMC and is closer that the SMC main body and significantly younger than the other one, which is located in the south-western part of the SMC and hence farther.
The Wing of the SMC is not reflected in the Cepheid distribution, although there are stars spread all over the galaxy and some of them in the eastern part belonging to the Wing. Moreover, we see Cepheids at very large distances (∼ 80 kpc ), that may be a stellar counterpart to the Counter Bridge that is mixed with the SMC population.
The on-sky locations of most of the nine Magellanic Bridge Cepheids are correlated with the young stellar population density contours. Moreover, they seem to form a connection between the LMC and SMC. On the other hand, the threedimensional distribution of Bridge CCs reveals that four of the nine objects are located far from this connection, at very diverse distances -the closest one being closer to us than any of the LMC objects, and the furthest one farther than any SMC Cepheid. This is an important constraint for models of the Magellanic Clouds interactions.
All Bridge Cepheids except one have ages < 300 Myr which is consistent with the time of MBR formation and indicates that these stars were born in-situ. The oldest MBR Cepheid may be connected with the SMC Wing because of its nearby location.
